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Despite the relevance of inhibitory control in shaping our behavior its neural substrates are still hotly debated. In this regard, it has been suggested that inhibitory control relies upon a right-lateralized network which involves the right subthalamic nucleus (STN). To assess the role of STN, we took advantage of a relatively rare model, i.e., advanced Parkinson's patients who received unilateral deep-brain stimulation (DBS) of the STN either of the left (n = 10) or of the right (n = 10) hemisphere. We gave them a stop-signal reaching task, and we compared patients' performance in two experimental conditions, DBS-ON and DBS-OFF. In addition, we also tested 22 age-matched healthy participants. As expected, we found that inhibitory control is impaired in Parkinson's patients with respect to healthy participants. However, neither reactive nor proactive inhibition is improved when either the right or the left DBS is active. We interpreted these findings in light of the fact that previous studies, exploiting exactly the same task, have shown that only bilateral STN DBS restores a near-normal inhibitory control. Thus, although null results have to be interpreted with caution, our current findings confirm that the right STN does not play a key role in suppressing pending actions. However, on the ground of previous studies, it is very likely that this subcortical structure is part of the brain network subserving inhibition but to implement this executive function both subthalamic nuclei must be simultaneously active. Our findings are of significance to other researchers studying the effects of STN DBS on key executive functions, such as impulsivity and inhibition and they are also of clinical relevance for determining the therapeutic benefits of STN DBS as they suggest that, at least as far as inhibitory control is concerned, it is better to implant DBS bilaterally than unilaterally.
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INTRODUCTION

In the real world the course of events cannot be fully predicted. There are thus instances in which the value of a planned action might suddenly change during the time gap between the moment when an action is chosen and the moment when motor output is about to be generated. Under these circumstances, the pending action must be suppressed to avoid awful consequences, such as being struck by a truck suddenly appeared on the road when we are about to cross it.

Given the importance of inhibitory control in implementing adaptive and flexible behavioral strategies, it is not surprising that a wide number of cortical and subcortical structures are involved in action inhibition (1, 2). However, both the key nodes of the inhibitory network and what roles they play are unresolved and debated.

On the one hand, it has been suggested that inhibition depends critically on the interactions of two regions of the frontal cortex of the right hemisphere, i.e., the inferior frontal gyrus (IFG) and the pre-supplementary motor area (3). These two regions would implement inhibition via the projections to the right subthalamic nucleus (STN), which would then suppress the activity of the premotor cortex (4, 5) and the primary motor cortex (6, 7). On the other hand, other evidence indicates that the functioning of the inhibitory network is much more complex (1). First, it includes more regions, e.g., the striatum (8, 9) and the cerebellum (10). Second, there is evidence that at least some regions of the network are activated bilaterally, suggesting that the two hemispheres cooperate (8, 11–13). The STN is among those regions. Several studies have provided evidence that this subcortical nucleus is involved in inhibitory control (14, 15). However, while some studies suggest that a key role in the implementation of this executive function is played by the right subthalamus (16), others have shown that both STN have to be active in order to restore a near-normal reactive1 and proactive2 inhibitory control (12, 13).

However, as it has been shown that STN DBS can modulate cortical plasticity of the primary motor cortex (17, 18), a possible objection to these latter results is that the chronic bilateral stimulation of STN might have induced some form of brain plasticity, which altered the inhibitory network making indispensable the activation of both DBSs for improving inhibitory control. For instance, the simultaneous DBS of the two STN might indirectly allow a greater functional connection between the two motor cortices. Therefore, the aim of the present work was to assess whether this could be the case exploiting a relatively rare model, i.e., Parkinson's patients bearing unilateral STN DBS. We hypothesized that if the absence of the lateralization of inhibitory control was an artifact due to the bilateral stimulation, then unilateral STN DBS should not affect either reactive (13) or proactive inhibition (12). Differently, if the role of the right STN in this executive function was masked in our previous experiments, in the current one patients bearing a DBS on the right side should exhibit better inhibitory control when the stimulation is ON than when is OFF. In addition, patients bearing a DBS on the left side should not show any improvement of inhibition, independent of the DBS state.

MATERIALS AND METHODS

Participants and Clinical Assessment

From the outpatients of the Parkinson's unit of the IRCCS Neuromed Hospital we selected 20 patients who had undergone unilateral STN DBS implantation to address poor control of cardinal PD symptoms, and/or side-effects induced by chronic administration of dopaminergic medicaments. Ten patients had the DBS in the right STN (two females; age range 54–72, mean ± SD, 60.6 ± 5.9 years) and 10 had the DBS in the left STN (five females; age range 50–71, mean ± SD, 58.6 ± 7.6 years). At our center, patients meeting criteria for STN DBS always undergo unilateral surgery during which a DBS macroelectrode (model 3389, Medtronic Ltd, Minneapolis, MN, USA) is inserted into the STN contralateral to the most affected body side. Subsequently, patients undergo the contralateral surgery when and if needed. Surgical procedures for DBS implantation have been reported in detail previously (13).

All patients were affected by idiopathic PD and they were in stable treatment with chronic STN stimulation complemented by administration of L-dopa and dopamine agonists for at least 6 months prior to study participation. Patients did not present severe sensory deficits, severe tremor, overt signs of dementia (mini-mental state examination, MMSE > 24) or any other neurological disease besides PD (as assessed by a standard neurological examination). All patients were right-handed as assessed by the Edinburgh handedness inventory and they were matched for the severity of the disease (see Table 1 for a summary of all clinical data). At the time of testing, no patient exhibited symptoms of impulse control disorder (19). A recent meta-analysis by Manza et al. (20) revealed that the effect of dopaminergic medication on response inhibition depends on disease duration. While inhibitory control seems to benefit from dopaminergic treatment in early-stage Parkinson's patients, it does not have an effect in the moderate-to-advanced stages of the disease. A plausible hypothesis to explain the diminished efficacy of dopaminergic drugs on inhibition in the moderate-to-advanced patients is that in those patients, too few dopaminergic cells for the drugs to operate on survived. This is very likely the condition of all our patients who underwent DBS implantation for treating advanced Parkinson's disease. Therefore, in order to minimize the risk of deteriorating motor ability of patients during the DBS OFF state, we tested all patients in ON-therapy, i.e., they were allowed to take their habitual doses of drugs. In order to have reference values for inhibitory control, we tested 22 right-handed healthy participants (12 females; age range 50–72, mean ± SD, 58.9 ± 6.8 years; years of education 12.9 ± 4.6) with normal or corrected-to-normal vision and without a history of neurological diseases. The ages of control participants and their education were not statistically significantly different from those of PD patients [one-way ANOVA on age, F(2, 39) = 0.27; p = 0.77; one-way ANOVA on education, F(2, 39) = 0.78; p = 0.46].


Table 1. Clinical data of Parkinson disease (PD) patients with deep brain stimulation (DBS) implant in the right and left subthalamic nuclei (STN) participating in the experiment.
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All participants gave their informed consent and they knew they could withdraw from the study at any time. All the procedures were approved by the Institutional Ethics Committee of IRCCS Neuromed and were performed in accordance with the ethical standards of the Declaration of Helsinki of 1964.

Post-surgical Reconstruction of the Position of DBS Contacts

To verify the placement of the active DBS contact (DBS electrode had four platinum–iridium cylindrical surfaces with a diameter of 1.27 mm and an edge-to-edge spacing of 0.5 mm) with respect to STN we followed the following procedure.

Each patient underwent both a preoperative 3-dimensional fast spoiled gradient echo T1-weighted 3.0 T MRI scan (slice thickness 1 mm, repetition time 7 ms, flip angle 13°, matrix size 256 × 256) to identify brain structures and a T2-weighted 3.0 T MRI scan (slice thickness 2 mm, repetition time 7,560 ms, flip angle 90°, matrix size 480 × 256) to show STN position. About a month after the surgery, a CT scan was acquired on a CT LightSpeed Pro (slice thickness 0.625 mm, exposure time 1,000 ms, kVp 120, matrix size 512 × 512). Finally, the two preoperative MRI scans were merged with the post-operative CT scan using Optivise software (Medtronic Inc.). The locations and the stimulation parameters of the active electrode contacts are reported in Table 2, while Figure 1 illustrates the reconstruction of the position of the active DBS contact for an example subject.


Table 2. Localization of the active contact/contacts of the DBS electrode across Parkinson's patients.
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FIGURE 1. Localization of the active electrode contact in an example subject. The red cross indicates the position of the active contact in the axial (right), sagittal (upper left), and coronal (lower right).



Experimental Paradigms

Experimental procedures have been already described in detail previously (21, 22). Participants were seated in a darkened and silent room, in front of a 21″ PC monitor (refresh rate 60 Hz, 640 × 480 resolution) on which visual stimuli were presented. Stimuli consisted of red circles (2.434 cd/m2) of 2.5 degrees of visual angle of diameter against a dark background of uniform luminance (<0.01 cd/m2). The PC was coupled with a touchscreen (MicroTouch; sampling rate 200 Hz) for touch-position monitoring. We positioned the chair so that their eyes were about 40 cm away from the PC monitor and patients could comfortably reach the stimuli projected on the screen with the right arm. The reaching movement involved distal and proximal muscles but not axial muscles.

Both patients and age-matched controls performed two tasks using their right (dominant) arm. First, they performed a go-only task and then a reaching version of the countermanding task. The go-only task was a simple reaction time (RT) task, aimed to measure RTs and movement times (MTs) of reaching arm movements. In go-only trials, participants had to reach and hold a central stimulus until it disappeared and, simultaneously, a peripheral target appeared 18.6 degrees of visual angle to the right (go-signal). Participants were instructed to reach the target as quickly as possible and to hold it for 300–400 ms.

The countermanding task consisted of a pseudorandom mix of no-stop trials (67%) and stop trials (33%, Figure 2). No-stop trials were the same as go-only trials. In contrast, in stop trials the central stimulus, which represented the stop-signal, reappeared at a variable delay after the go-signal. In this instance, participants were instructed to suppress the pre-planned movements toward the peripheral target, holding the central stimulus for 400–600 ms. Trials in which participants successfully withheld the movement were defined stop-success, while those in which they could not refrain from moving were defined stop-failure. Auditory feedback was given for correct responses.
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FIGURE 2. Temporal sequence of the visual displays for go-only, no-stop (A) and stop trials (B). All trials began with the appearance of a central stimulus. The subject had to reach and hold it with the index of the right arm for 500–800 ms. (A) In the go-only task and in the no-stop trials of the countermanding task the central stimulus disappeared and, simultaneously, a target appeared 13.5 cm or 18.6 dva to the right, acting as a go-signal. Subjects were instructed to perform a speeded reaching movement toward the peripheral target and to hold it for 300–400 ms. Randomly, in 33% of trials of the countermanding task [stop trials, (B)] the central stimulus (stop-signal) reappeared at a variable delay after the go signal (stop signal delay, SSD), indicating that the subject should cancel the pending movement. In these stop trials, if subjects countermanded the planned movement keeping the arm on the central stimulus for a period of 400–600 ms, the trial was scored as a stop-success trial. Otherwise, if subjects executed the reaching movement the trial was scored as a stop-failure trial. The dotted circle (which was not visible to the subjects) indicates the size of the tolerance window for the touches (3.5 cm or 5 dva of diameter).



The stop-signal delay (SSD) is a critical dependent variable because stopping becomes increasingly difficult with its lengthening. The SSD was changed using a staircase procedure (23) with a 50% performance criterion. If participants succeeded in stopping the response, then the SSD increased by 39.9 ms (three refresh rates); otherwise, the SSD decreased by the same amount of time. The starting value of the SSD was 119.7 ms (nine refresh rates). We verbally informed participants that the probability of stopping would approximate to 50%, irrespective of whether they were postponing their response (a common strategy to make inhibition on stop trials easier). In addition, we set a maximum RT for no-stop trials, i.e., whenever the RTs were >800 ms, no-stop trials were aborted. However, those trials were kept for the final analysis to avoid cutting the right tail of the RT distribution, and they accounted for 1.4–6% of the total no-stop trials in patients and controls, respectively.

Parkinson's patients performed the tasks in two experimental conditions: (a) DBS-OFF; (b) DBS-ON. All tests were performed 60 min after the DBS was switched off or on so that they were tested in near-steady motor status (24). Stimulation conditions were counterbalanced across patients and administered in one experimental session.

In each condition, patients were required to complete three or four blocks of 120 countermanding trials (360–480 trials) and about 90 go-only trials. Overall, each patient performed 900–1,140 trials. Resting periods were allowed between blocks whenever requested. Before starting the task, about 50 or 60 practice trials were given for familiarizing participants with the apparatus. Age-matched healthy participants were required to complete four blocks of 108–120 countermanding trials (432–480 trials) and about 90 go-only trials.

Data Analyses

As behavioral parameters, we considered RTs, MTs and the stop-signal reaction times (SSRTs). RTs were computed as the difference between the time of the go-signal presentation and the onset of movement. MTs were determined as the difference between the time of movement onset and the time at which the peripheral target was touched. Trials with RTs shorter/longer than the mean minus/plus three SDs were excluded from the analysis. Overall 1.8 and 0.4% of the data were discarded in patients and controls, respectively. The SSRT represents the estimate of stop latency (25), and it was estimated exploiting the integration method, which gives the best estimate when proactive slowing occurs (26). The SSRT provides a measure of reactive inhibition, i.e., the ability of a subject to react outright to the stop signal. In contrast, proactive inhibition, i.e., the ability of subjects to shape their response strategy in anticipation of known task demands as the awareness of the fact that sometimes a stop-signal could have been presented, was assessed by comparing the RTs and the MTs of no-stop trials vs. those of go-only trials. In fact, it has been shown that when the subject executes a no-stop trial, its RT is lengthened and its MT is shortened with respect to situations in which the same movement has to be performed in the context of the go-only trial. This “context effect” (27) represents an optimization of costs and benefits because longer RTs are compensated by shorter MTs and vice versa.

Different types of analysis of variance (ANOVA) were used depending on the experimental design in order to assess changes in RTs, MTs, and SSRTs. Bonferroni corrections were applied for all multiple comparisons. To contrast cumulative distributions of RTs and of MTs obtained in no-stop and go-only trials, two-sample Kolmogorov–Smirnov tests were used. χ2-tests were used to determine whether there were significant differences between the occurrences of the context effects.

We measured the “effect-size” by computing the partial eta-squared ([image: image]) for each ANOVA (with values of 0.01, 0.058, and 0.139 indicating small, medium and large effects, respectively), and Cohen's d for t-tests (with values of 0.2, 0.5, and 0.8 indicating small, medium, and large effects) (28). Finally, to quantify the strength of null hypotheses, we calculated the Bayes factors (BF10) with an r-scale of 0.707 (29). BF10 values < 0.1 and < 0.33 provide strong and moderate support, respectively, for a null hypothesis compared to the alternative hypothesis. For the sake of clarity, and to improve readability, we report just significant results, unless otherwise indicated. Data will be freely available from the Open Science Framework platform (https://osf.io/pfeqv/).

RESULTS

First of all, we assessed whether the staircase algorithm worked equally well for patients and controls. To this end, we compared the average proportion of trials in which participants moved the arm despite the stop signal [P (failure); see Table 3] using a one-way ANOVA (levels: DBS ON-right, DBS ON-left, and Controls). As we did not found a main effect [F(2, 39) = 0.35, p = 0.28; [image: image] = 0.02; BF10 = 0.25] we concluded that the staircase algorithm worked similarly well for all groups. Second, we checked whether a basic assumption of the race model, i.e., the stochastic independence between the go and the stop process, was fulfilled (25). Reaching movements were produced in both the no-stop trials and the stop-failure trials but, according to the model, the latter was initiated because the go process finished before the stop process. Therefore, stop-failure trials would be expected to have a shorter RT than no-stop trials. This was the case, as shown in Table 3. A two-way mixed-design ANOVA [between-subjects factor: Group (right-DBS ON, left-DBS ON, Controls); within-repeated-subject factor: Trial type (RT no-stop trials, RT stop-failure trials)] showed that stop-failure trials were faster than no-stop trials [F(2, 39) = 459.6, p < 0.0001; [image: image] = 0.92; BF10 = 786.1]. No other significant effects were found. In addition, for each healthy subject and patient, via a two-sample Kolmogorov–Smirnov test we tested whether the individual distributions of the RTs of stop-failure trials were different from those of no-stop trials. In all subjects, we found that the former trials were faster than the latter (all p < 0.05). Overall, these results indicate that the data allowed us to compute a reliable estimate of the SSRT.


Table 3. Summary of behavioral values of arm movements for Parkinson's disease patients with deep brain stimulator (DBS) implanted on the right side (right-DBS), on the left side (left-DBS) in ON and OFF states, and for age-matched controls during the countermanding and the go-only tasks.
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Reactive Inhibition

Figure 3 and Table 3 illustrate one of two main findings of our work, i.e., the SSRT did not differ in patients either according to the DBS state or according to the side of DBS placement. However, reactive inhibition was impaired in patients, as the SSRT was longer than in healthy subjects. To compare the SSRT in patients, we ran a two-way ANOVA with mixed design (between-subjects factor: Group [right-DBS, left-DBS]; within-subjects-repeated factor: DBS-state [DBS-ON, DBS-OFF]). We did not find any significant results (see Table 4). The effect size estimate, together with the values of the BF10, support the conclusion that inhibitory control of right-DBS and left-DBS patients do not show significant differences, irrespective of the DBS state.


[image: image]

FIGURE 3. SSRT in right-DBS-ON and -OFF patients (n = 10), left-DBS-ON and -OFF patients (n = 10), and age-matched controls (n = 22). In the box plots, the boundary of the box closest to zero indicates the first quartile, a black thick line within the box marks the median, and the boundary of the box farthest from zero indicates the third quartile. Whiskers indicate values 1.5 times the interquartile range below the first quartile and above the third quartile.




Table 4. Results of the statistical analysis of the mean SSRTs across right-DBS patients, left-DBS patients, and age-matched controls.
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As there were no differences between the two DBS states, in the next step we compared the SSRTs of healthy subjects with those of right- and left-DBS in ON state, via a one-way ANOVA. We found a main effect (see Table 4) and post-hoc tests revealed that, as expected, controls had significantly better reactive inhibitory control than either right- or left-DBS patients. In contrast, the SSRT of right-DBS and left-DBS patients did not differ. Overall, these findings indicate that reactive inhibition is equally impaired in right- and left-DBS patients with respect to healthy participants.

Proactive Control

We assessed proactive inhibitory control by measuring the context effect following three approaches.

First, we assessed the occurrence of the context effect in each participant (within-subject approach). With this aim, we considered whether the individual distributions of RTs and MTs of no-stop and go-only trials were significantly different via the two-sample Kolmogorov–Smirnov test. Thereafter, we computed the percentage of subjects who showed a context effect, namely a simultaneous increase in RTs and decrease in MTs in no-stop trials with respect to go-only trials. As shown in Figure 4A, we found that while 68.2% of controls had a context effect, the percentage of occurrences in DBS patients was lower. In fact, right- and left-DBS patients in the OFF state, as well as left-DBS patients in the ON state, showed the context effect in only 50% of instances, a value significantly smaller than that of controls [[image: image] = 6.69, p = 0.01]. Right-DBS patients in the ON state had a slightly higher frequency of context effects, i.e., 60%, a value which was not significantly different from that of controls [[image: image] = 1.39, p = 0.24]. This was possibly due to the random variability of the relatively small sample of patients.


[image: image]

FIGURE 4. Proactive inhibitory control in age-matched controls (n = 22), right-DBS-ON and -OFF patients (n = 10), left-DBS-ON and -OFF patients (n = 10). (A) Percentage of right-DBS-ON and –OFF, left-DBS-ON and -OFF, and age-matched controls showing either (i) the context effect, i.e., the simultaneous significant increase in reaction times (RTs) and significant decrease in movement times (MTs) in no-stop trials with respect to go-only trials, (ii) the absence of a context effect due to a lengthening of both RTs and MTs in no-stop trials with respect to go-only trials (“reversed context”) or to a significant increase in RTs in no-stop trials with respect to go-only trials, but MTs of no-stop trials were not different from those of go-only trials (“no context”). (B) Cumulative distributions of RTs (solid lines) and MTs (dotted lines) of age-matched controls for go-only trials (gray) and no-stop trials (black). These cumulative distributions were obtained by collapsing together the cumulative distributions of RTs and MTs of no-stop and of go-only trials of single subjects. The p-value of the two-sample-Kolmogorov–Smirnov test is reported. (C) Same representation as in (B) for right-DBS patients in ON, and (D) for right-DBS patients in OFF state. (E) Same representation as in (B) for left-DBS patients in ON, and (F) for left-DBS patients in OFF state. (G) Box plot of RTs, and (H) of MTs of no-stop and go-only trials in right-DBS-ON, right-DBS-OFF, left-DBS-ON, left-DBS-OFF patients and age-matched controls. Outliers are represented by crosses, other conventions as in Figure 3.



Second, we created cumulative distributions of RTs and of MTs of go-only vs. no-stop trials by combining data from single participants (population approach, Figures 4B–F). As expected, healthy subjects had longer RTs and shorter MTs in no-stop trials than in go-only (11, 12, 27). Even though the overall effect on MTs was much smaller in DBS patients, the MTs of go-only trials seemed to be still longer than those of no-stop trials (Figures 4C–F; Kolmogorov–Smirnov test, all p < 0.0001). However, it should be stressed that the Kolmogorov-Smirnov test is sensitive to subtle shifts in the shapes of two distributions. Therefore, when the distributions are very close to each other this approach has a limitation as it might not reveal an overall shift in distributions but their different shapes. Assuming that this interpretation is the right one, we might assert that patients did not show a context effect irrespective of the DBS state.

Third, we compared the means of RTs and MTs of no-stop trials and go-only trials in the two groups of patients (Figures 4G–H) via two three-way ANOVAs with mixed design (between-subjects factor: Group [right-DBS and left-DBS]; within-subjects-repeated factor: Trial type [RT/MT no-stop trials, RT/MT go-only trials] and DBS state [DBS-ON, DBS-OFF]). As reported in Table 5, we found that RTs of no-stop trials were significantly longer than those of go-only trials. No other effects were found. Finally, as the previous analyses never showed differences between the two DBS states, we compared the RTs and the MTs of no-stop trials and go-only trials of healthy subjects with those of right- and left-DBS in the ON state, via two two-way ANOVAs with mixed design (between-subjects factor: Group [right-DBS, left-DBS, and controls]; within-subjects-repeated factor: Trial type [RT/MT no-stop trials, RT/MT go-only trials]). We found that RTs of no-stop trials were significantly longer than those of go-only trials, while MTs showed the opposite pattern, i.e., they were shorter in no-stop trials than in go-only trials (see Table 5).


Table 5. Results of the statistical analysis of mean RTs and MTs across right-DBS patients, left-DBS patients, and age-matched controls.
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In order to check whether the faster responses in the no-stop trials induced a higher number of errors and vice versa in go-only trials (speed–accuracy tradeoff phenomenon) (30) we first compared the accuracy (see Table 3) in the two groups of patients via two three-way ANOVAs with mixed design (between-subjects factor: Group [right-DBS and left-DBS]; within-subjects-repeated factor: Trial type [% correct no-stop trials, % correct go-only trials] and DBS state [DBS-ON, DBS-OFF]). None of the factors showed statistically significant differences (Table 6). Therefore, we compared the accuracy of no-stop trials and go-only trials of healthy subjects with those of right- and left-DBS in the ON state, via two two-way ANOVAs with mixed design (between-subjects factor: Group [right-DBS, left-DBS, and controls]; within-subjects-repeated factor: Trial type [% correct no-stop trials, % correct go-only trials]). Again no statistically significant differences were found. We concluded that accuracies were very similar across both participants and experimental conditions.


Table 6. Results of the statistical analysis of the accuracy for right-DBS patients, left-DBS patients, and age-matched controls.
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DISCUSSION

Inhibitory Control in Parkinson's Relays on the Activity of Both STN

As expected, we found that inhibitory control is impaired in Parkinson's patients with respect to healthy participants (11–13, 31). However, unilateral stimulation of STN does not improve either reactive or proactive inhibition, irrespective of whether the DBS was implanted in the right or in the left STN. This result is in full agreement with our previous works showing that only bilateral STN DBS restores a near-normal inhibitory control (12, 13). Although null results have to be interpreted with caution, here it is relevant to stress that on the one hand, the computation of Bayesian factors allow us to state that these findings are robust and that they are unlikely due to the variability of the sample or to statistical underpowering. On the other hand, the null effects could not be ascribed to the specifics of the task design, as in our previous works we gave the same task to STN DBS patients (12, 13). Even though it might be argued that previous studies are not fully comparable with the current one, as in the former cases patients were tested in OFF-drug-therapy, instead in the latter case they were tested in ON-drug-therapy in the current, we do not believe that this difference could affect the overall results for the two following reasons. First, there is evidence that dopaminergic treatment has an effect on inhibitory control just in early-stage but not in the moderate-to-advanced stages of PD (20), i.e., the clinical stages of all our patients. Second, a very recent finding showed that neither the unilateral stimulation of DBS contacts located in the ventral portion of STN nor the unilateral stimulation of DBS contacts located in the dorsal portion of STN affected inhibitory control in Parkinson's patients after 8 h of levodopa deprivation (32). These results are in full agreement with ours and were obtained in OFF-drug-therapy.

All in all, we confirm that the right STN does not play a key role in suppressing pending actions exploiting a different type of Parkinson's patient. However, as shown by several studies, the subthalamic nuclei are part of the brain network subserving inhibition (12–15, 33), but to implement this executive function both nuclei must be simultaneously active (12, 13, 15, 33). On this ground, it is plausible to suggest that inhibitory control might rely on cooperation between the two STN. More generally, it has been shown that the ability to cancel a pending movement is sustained by a bilateral brain network (8, 11, 34). Recently, Mirabella et al. (11) tested whether PD patients with a right onset of the disease, i.e., patients having a larger neurodegeneration of the left hemisphere, exhibit a better inhibitory control than PD patients with a left onset of the disease, as predicted by the hypothesis that suppression of a pending movement is computed by a right-lateralized frontal–basal ganglia–thalamic pathway (3). Mirabella et al. (11) found that both reactive and proactive inhibition were impaired in PD patients with respect to controls, but there were no differences between right- and left-onset PD patients. These results indicate that brain regions affected by PD play a key role in inhibition, but they also suggest that to achieve an efficient inhibitory control the two hemispheres must cooperate.

The discrepancy between the hypothesis of the lateralization of inhibitory control (3) and our findings pointing to the idea that this executive function relies on the cooperation between regions of the two hemispheres can be explained at least in two ways (11). The most trivial one is that the differences could be due to the type of movement that subjects have to cancel. In all our studies we required inhibition of arm-reaching movements (11–13) whereas usually subjects are required to inhibit key-press movements (16, 35–38). Arm-reaching movements are likely to require a different degree of control than key-press movements as the former are more complex and have a higher ecological relevance than the latter, being the only movements that allow physical interactions with the environment outside neurophysiology laboratories.

The second and, in our view, more likely explanation is given by the different task demands between study designs. Many of the experiments supporting the hypothesis of a right-lateralized inhibitory network exploited very demanding tasks in terms of attention or working memory loads such as the conditional stop-signal task (38). Others were relatively less cognitively demanding; however, they made use of centrally presented arrows (16). Such stimuli are known to induce endogenous shifts of attention toward the peripheral locations indicated by the arrows and as such they require top-down control (39). It has been shown that the same right-lateralized network is activated when tasks require either working memory maintenance (40), context monitoring (41) or endogenous attentional control (42). Therefore, it has been argued that in those instances the right-lateralized network supports attentional and working memory maintenance processes which are not specifically related to inhibitory control (42). In contrast, when, as in the case of the task we used, the go signal is given by the lighting of a peripheral stimulus, reflexive and automatic exogenous shifts of attention occur (43). As they require fewer resources, no clear signs of lateralization have been observed (8, 11–13, 44).

At this stage, one might wonder why the suppression of unilateral movements should involve a bilateral network. A possible answer comes from the increasing body of evidence indicating that, during the production of unilateral limb movements, both the contralateral and the ipsilateral motor cortices are activated (45–47). Even though the role of the ipsilateral activation is still controversial, it has been suggested that it reflects a functional inhibition of the motor cortex ipsilateral to the active hand, exerted by the contralateral hemisphere via the callosal fibers (46, 48). Given that the motor system is activated bilaterally when a unilateral arm movement is produced, it is plausible that also when it has to be suppressed both hemispheres must be involved. In addition, it has been reported that, to a certain extent, proximal muscles receive bilateral innervations from the dorsal pre-motor and the supplementary motor cortices (49). Likely, this pattern of innervation makes bilateral STN stimulation more effective than unilateral STN stimulation for proximal upper limb movements (50) as well as for their inhibition. As reaching arm movements involve both proximal and distal muscles it is plausible to suppose that bilateral STN DBS can allow a better motor control. Further studies will be needed to shed light on this issue.

The Controversial Role of the DBS on STN

The STN plays a critical role in movements control by integrating cortical inputs from a wide array of areas and regulating the activity of the globus pallidus pars interna (GPi), the basal ganglia output nucleus which supervises arm movements (51). An increase in STN activity leads to an increase in the GPi discharge which, in turn, inhibits the motor thalamic nuclei, blocking their excitatory activity that typically precedes movement onset (51). This causes a decrease in the activity of the motor cortices, possibly slowing down or even suppressing the movement. Therefore, it has been suggested that the STN lies at the heart of the neural system controlling response inhibition (3, 12, 13) and conflict processing (52–54). In particular, it has been suggested that during conflict situations the activation of the STN raises the “decision threshold,” allowing generation of a temporary pause in motor output, leading to slower and more accurate responses (53). Local field potential (LFP) recordings from the STN are consistent with this hypothesis (55). In fact, on the one hand it has been shown that response inhibition is associated with specific changes in STN activity in several frequency bands (14, 56). On the other hand, it has also been shown that an increase in power of low-frequency bands occurs during conflict tasks (55, 57). This has been interpreted as the neural sign of delaying the decision-making during high conflict choices.

These two views of the role of STN are highly compatible. In fact, it might have been plausible to hypothesize that, in face of conflicts, STN might either slow down the motor response until enough evidence in favor of movement execution is collected, or it might cancel it if the planned movement is no longer valuable. However, results obtained from DBS behavioral studies provide discrepant results. Some research has shown that bilateral stimulation of STN induces impulsive responses in conflict conditions (53). Conversely, other evidence indicates that bilateral DBS of the STN markedly improves both reactive (13, 15, 33) and proactive inhibitory control in PD patients (12). In our view, the most likely explanation for this discrepancy lies in the different experimental contexts. Cognitive requirements to solve decision conflict tasks are rather different and often more complex than those required in the standard versions of the stop signal task, so the effect of DBS on the STN computations might produce different outcomes. Definitely, more studies are needed to clarify this issue.

Unilateral vs. Bilateral DBS Implants: Clinical Relevance

Even though DBS of the STN markedly improves the motor symptoms of PD, the mechanisms underlying its effects remain to be clarified. A controversial clinical issue is whether to implant DBS unilaterally or bilaterally. This is because a number of studies have found that bilateral STN DBS may be associated with declines in executive function, such as verbal learning and memory (58, 59), or may even lead to adverse neuropsychological effects (19). Studies on comparative effects of unilateral and bilateral DBS of the STN have provided contrasting results. A recent study has shown that bilateral DBS improves the performance during dual-task conditions more than does unilateral DBS (60); however, under a different experimental setting it has previously shown the opposite (58). Lizarraga et al. (61) demonstrated that bilateral STN DBS yields greater improvement in motor performance than unilateral STN, even though DBS of the right STN seems to produce some benefits as well. Finally, Walker et al. (62) found no differences in weight changes following unilateral and staged bilateral STN. Our current results add a new piece of information to the debate as they significantly strengthened the idea that as far as inhibitory control is concerned the unilateral implant is not effective. A crucial step to better understand the risks and benefits of the bilateral approach would be to assess whether PD patients bearing unilateral DBS would have improved inhibitory control after the implant of the second DBS.

CONCLUSIONS

In the current study, exploiting a different type of Parkinson's patient with respect to previous studies (unilateral vs. bilateral STN DBS patients), we confirmed that unilateral stimulation either of the right or of the left STN does not improve inhibitory control (12, 13). This finding indicates that the right STN does not play a key role in suppressing pending actions. Far from denying the role of STN in this executive function, we suggest that efficient inhibitory control is achieved only when the two STN are stimulated. Thanks to our approach, we can exclude that these results could be due to the variability of the sample or to statistical underpowering or that they could be explained by the specifics of the task design, given that in previous works we gave the same task to STN DBS patients (12, 13). The present findings, coupled with previous ones (12, 13), are of significance for understanding the effects of STN DBS on key executive functions, such as impulsivity and inhibition and they are also of clinical relevance for determining the therapeutic benefits of STN DBS as they indicate that, at least as far as inhibitory control is concerned, only bilateral STN DBS is effective.
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FOOTNOTES

1Reactive inhibition refers to the ability of a subject to react to the stop instruction, and it is measured by the reaction time to the stop signal or stop-signal reaction time.

2Proactive inhibition refers to the ability of subjects to shape their response strategy in anticipation of known task demand, which, in the case of the stop-signal task, is given by the awareness of the infrequent and unpredictable presentation of an imperative stop-signal.
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Three-way ANOVA (factors: Group [right-DBS and left-DBS]; Trial type [Accuracy no-stop trials, Accuracy go-only trials]
and DBS state [DBS-ON, DBS-OFF])

Main effect: Group Fii,18) =226 p=0.16 2 =011 0.97
Main effect: DBS state Fi, 18 = 266 p=012 23=013 0.87
Main effect: Trial Type: Fi1,18 =045 p=051 12 =0024 027
Interaction: Group*DBS state Fi, 18 =004 p=085 22 = 0.002 032
Interaction: Group*Trial Type Fii,18) =258 013 2 =013 0.75
Interaction: Trial Type'DBS state Ft,18 =297 p=04 B =014 056
Interaction: Trial Type"DBS state'Group Fi1,18 = 0.006 p=094 038
Two-way ANOVA (Group [right-DBS-ON, left-DBS-ON and Controls]; Trial type [Accuracy no-stop trials, Accuracy go-only trials])

Main effect: Group Fioag =054 p=059 3 =0027 0.19
Main effect: Trial Type Fo,39 =072 p=04 2R =0018 032
Interaction: Group*Trial Type Fio,39 =083 p=044 3=0.041 027

Task performance accuracy was defined as the ratio between the number of trials correctly executed andthe total number of trais delivered, given by the sum of trials correctly executed,
trials in which participants missed the target, trials in participants remained stil on the central stimulus for more then 2, and trials in which they did not hold the central stimulus o the
peripheral target for the requested amount of time. Beyes Factors report the ratio between the null vs. the altemative hypothesis (BF1o); Partial eta-squared (2?). The suffix “DBS-ON"
indicates that the DBS was in the ON state.
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1 8 54 18 34 800 19 29 29 45 3 24.7
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6 18 38 16 8 500 9 19 13 32 25 29
7 13 32 23 26 540 16 24 25 38 3 30
8 18 35 19 9 1200 17 25 20 33 25 26
9 13 53 10 7 600 16 24 19 32 25 27
10 8 51 8 7 610 10 20 13 28 3 29.7
Mean 12.0 459 14.7 215 780.0 143 25 211 379 28 269
(D) 39 80 46 28.1 258.7 5.46 4.99 7.48 6.76 03 24
DBS Left STN
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6 18 47 " 9 540 7 17 20 26 25 24
7 8 41 15 60 720 7 20 16 28 25 28.7
8 17 52 16 30 400 9 18 16 28 3 30
9 8 45 7 6 400 9 12 12 18 25 28
10 8 34 18 29 850 10 14 29 36 3 249
Mean 109 446 14.0 19.1 655.0 10.2 19.3 222 34.1 28 275
(SD) 4.0 92 4.5 175 179.5 4.0 8.4 1.7 129 03 23

For each patient sex, age, years of education, age of PD onset, years since diagnosis, months since surgery, post-operative levodopa equivalent daily dose (LEDD), Unified Parkinson's
Disease Rating Scale (UPDRS) motor scale I in each DBS condition (STIM on/off), and in each medication condition (MED on/off), Hoehn and Yahr scores (measured in DBS OFF and
after about 12h of levodopa deprivation), and post-operative mini mental state examination (MMSE) scores are given. Neither the years since diagnoss [t-test tg) = 0.34; p = 0.7), nor
the months since implantetion [t-test tgy = 0.23; p = 0.8), nor the post-operative LEDD [t-test ljz5) = 1.25; p = 0.2], nor the UPDRS Il score in any of the four conditions fal t-tests p
> 0,05, nor the Hoehn and Yahr score [t-test g = 0; p = 1}, nor the MMSE score [t-test ts) = ~0.57; p = 0.6] were significantly different between right and left STN DBS patients
(for the statistics on age and education see the main text).
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DBS RIGHT
1 zi*, 2.42 1239 60 140
STNd™
)
2 STNv 2.48 1936 60 130
3 STNd 2.45 1426 60 210
4 STNG 326 1012 60 180
5 ST 253 989 60 180
6 Zi 250 1198 60 190
7 Zi 222 1486 60 185
8 Not 1.96 1023 60 180
localized
9 Zi 280 1248 60 130
10 Zi 220 1137 60 130
DBS LEFT
1 Zi 1.62 1286 60 180
2 Zi 227 1101 60 160
3 STNG 265 869 60 130
4 STNd 2.30 1002 60 180
5 STNG*, 205 1364 60 180
zim ()
6 STNd+ 218 1879 60 180
STNd—
)
7 Not 2.4 1025 60 185
localized
8 STNd 267 1811 60 190
9 STNd 209 1008 60 180
10 STNG*, 269 1116 60 180
STNG™

(4]

For each patient the position of active contact/contacts, amplitucie, impedance, pulse and
frequency of stimulation are shown. Active electrodes indicated by a ster (" have a bipolar
configuration, with cathode (+) and anode (~). Tiwo patients could not be locaiized due to
technical problems. Neither the amplitucie [t-test t;g) = 1.23; p = 0.23], nor the frequency
of stimulation [t-test t14.5 = 0.82; p = 0.42] were significantly diferent between right
and left STN DBS patients. ST, dorsal subthalamic nucleus; STNy, ventral subthalamic
nucleus; Zi, zona incerta.
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Value of parameters p-values Effect size BFyo

Three-way ANOVA (factors: Group [right-DBS and left-DBS]; Trial type [RT no-stop trials, RT go-only trials] and DBS state [DBS-ON, DBS-OFF])

Main effect: Group F1,1 =063 p=044 7 =0.034 028
Main effect: DBS state Fa,19 =156 p=023 23 =008 025
Main effect: Tiial Type Fit,18 = 63.8 p <0.0001 =078 3.1+1018
Interaction: Group*DBS state Fii,19 =02 p=066 =001 032
Interaction: Group*Trial Type Ft,18 =108 p=031 73 =006 064
Interaction: Trial Type"DBS state Fi19 =012 p=074 72 =0.008 032
Interaction: Trial Type'DBS state’Group Fit,18 =012 p=074 3 =0.007 043
Three-way ANOVA (factors: Group [right-DBS and left-DBS]; Trial type [MT no-stop trials, MT go-only trials] and DBS state [DBS-ON, DBS-OFF])

Main effect: Group Fii,19 =0.11 p=075 2 =0.006 027
Main effect: DBS state Ft,18 = 148 p=024 2 =0076 028
Main effect: Trial Type Fi19 =115 p=029 2 =006 027

Interaction: Group*DBS state Fa,19 =075 p=039 73 =004 035
Interaction: Group*Trial Type Ft,19 =026 p=062 2 =0014 0.30
Interaction: Trial Type'DBS state Fi1,18 =088 p=077 3 =0.005 0.30
Interaction: Trial Type'DBS state* Group Fa, 1 =062 p=044 7 =003 0.46
Two-way ANOVA (factors: Group [right-DBS, left-DBS and Controls]; Trial type [RT no-stop trials, RT go-only trials])

Meain effect: Group Fio,39 = 101 p=037 2 =0049 02
Main effect: Trial Type Fi1,59 = 1306 p < 0.0001 ,,g =077 45410"
Interaction: Group*Trial Type Fio,a9 =077 p=047 3 =0.038 026
Two-way ANOVA (Group [right-DBS, left-DBS and Controls]; Trial type [MT no-stop trials, MT go-only trials])

Meain effect: Group Fo.ag =214 p=013 3 =0.099 073
Main effect: Trial Type F(1, 39)=5.47 p=0024 73 =0123 202
Interaction: Group*Trial Type Foa9 =114 p=033 73 =0055 025

Statistically significant results are reported in bold. Bayes Factors report the ratio between the null vs. the alternative hypothesis (BFso); Partial eta-squared (13); Cohen’s d (d); The suffix
“DBS-ON"/*DBS-OFF” indiicates that the DBS was in the ON/OFF state. Bold text indicates statistically significant p-values.
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Right-DBS ON

Mean SSD 1718 £ 607
P (failure) 051 +0.03
SSRT 2502 % 26.7
RT no-stop trials 468.9 + 685
RT stop-failure trials 3479 £ 356
RT go only trials 295.4 + 296
MT no-stop trials 538.4 + 130
MT go only trials 558.4 + 1589
Task Performance accuracy go only trials 0.88 +0.07
Task Performance accuracy no-stop trials 0.89 £ 0.05

Left-DBS ON

253 = 164.1
0.5 +0.08
2532 £ 355
523.2 + 136.2
432.7 + 1268
290.5 + 34.7
538.4 + 148.7
566.8 + 143.8
0.93 + 0.05
0.9 + 0.06

Right-DBS OFF

184.7 £ 90.1
0.53 + 0.07
258.1 £ 37.7
460.2 + 96.8
364 + 68.3
286.7 + 51.6
536.4 + 120.2
5729 + 176.7
0.83 +0.08
0.88 + 0.06

Left-DBS OFF

2388 + 154.4
0.62 + 0.04
253.8 + 36.1
497.5 + 123
4049 + 114.4
279.5 + 34.3
593.8 + 143.5
585.5 + 113.8
0.89 + 0.1
0.89 + 0.06

Controls

283.8 + 110.5
0.50 + 0.03
2214 £272
526.9 + 106.7
4253 + 99.9
326.1 £ 113.1
434.3 + 106.2
506.8 + 128.9
0.90 + 0.08
0.88 + 0.09

Task performence accuracy was defined as the ratio between the number of trials correctly executed and the totel number of trials delivered, given by the sum of trais correctly executed,
trials in which participants missed the target, trials in participants remained stil on the central stimulus for more than 2, and trials in which they did not hold the central stimulus o the
peripheral target for the requested amount of time. In all cases the average value across the samples (+8D) is reported.
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Value of parameters

Two way ANOVA: Group (right-DBS, left-DBS); DBS-state: (DBS-ON, DBS-OFF)

Meain effect: Group Fii 19 =012
Meain effect: DBS state F1,18 = 0.002
Interaction: Group'DBS state Fi, 18 = 0.12
One way ANOVA: Group (tight-DBS-ON, left-DBS-ON, Controls)
Meain effect: Group Fo,a9 =711
post-hoc test: R-ON vs. Controls thg =386
post-hoc test: L-ON vs. Controls tyg =271

post-hoc test: R-ON vs. L-ON tog =

.41

p-values

p=073
p =096
p=089

p=0002

p=0.006

p=0026
p=1

Effect size

3 =0.007
2 =0.000
3 = 0001

23 =027
d=144
d=109
d=02

BFyo

0.34
0.31
047

206
276
478
0.42

Post-hoc tests (painwise comparisons) had an adjusted alpha level corrected according to Bonferroni. The suffix “DBS-ON" indicates that the DBS was in the ON state. Statistically
significant results are reported in bold. Bayes Factors report the ratio between the null vs. the altemative hypothesis (BF1o); Partal eta-squared (s2); Cohen's d (d). Note that BF 1o
represents continuous evidence, therefore it should not be interpreted as dichotomous threshold, such that a BF o slightly larger than 0.3 stil indicate a moderate evidence in favor of

the null hypothesis. Bold text indlicates statistically significant p-values.
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